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ABSTRACT	
Polymersomes are versatile nanoscale vesicles that can be used for cytoplasmic delivery of payloads. 
Recently, we demonstrated that pH-sensitive polymersomes exhibit an intrinsic selectivity towards 
intraperitoneal tumor lesions. A tumor homing peptide, iRGD, harbors a cryptic C-end Rule (CendR) 
motif that is responsible for neuropilin-1 (NRP-1) binding and for triggering extravasation and tumor 
penetration of the peptide. iRGD functionalization increases tumor selectivity and therapeutic efficacy of 
systemic drug-loaded nanoparticles in many tumor models. Here we studied whether intraperitoneally 
administered paclitaxel-loaded iRGD-polymersomes show improved efficacy in the treatment of 
peritoneal carcinomatosis. First, we demonstrated that the pH-sensitive polymersomes functionalized with 
RPARPAR (a prototypic CendR peptide) or iRGD internalize in the cells that express NRP-1, and that 
internalized polymersomes release their cargo inside the cytosol. CendR-targeted polymersomes loaded 
with paclitaxel were more cytotoxic on NRP-1-positive cells than on NRP-1-negative cells. In mice 
bearing peritoneal tumors of gastric (MKN-45P) or colon (CT26) origin, intraperitoneally administered 
RPARPAR and iRGD-polymersomes showed higher tumor-selective accumulation and penetration than 
untargeted polymersomes. Finally, iRGD-polymersomes loaded with paclitaxel showed improved efficacy 
in peritoneal tumor growth inhibition and in suppression of local dissemination compared to the pristine 
paclitaxel-polymersomes or Abraxane.  
Our study demonstrates that iRGD-functionalization improves efficacy of paclitaxel-polymersomes for 
intraperitoneal treatment of peritoneal carcinomatosis.  	




Gastrointestinal and gynecological cancers frequently spread in the peritoneal cavity resulting in 
disseminated tumors, condition known as peritoneal carcinomatosis (PC [1]). The prognosis of PC is 
grim; despite aggressive combination treatment that includes cytoreductive surgery and chemotherapy, the 
median survival is typically in the range of few months [2], [3], [4]. Optimal cytoreduction of the primary 
tumor can be achieved in 80% of patients with advanced ovarian cancer, and, to a lesser extent, in patients 
with gastrointestinal cancer [1]. However, microscopic tumor nodules and disseminated cancer cells that 
remain in the peritoneal cavity may give rise to new tumors and result in cancer recurrence [1]. Compared 
to the systemic route, intraperitoneal (IP) chemotherapy exposes the peritoneal tumors to elevated drug 
concentration with less systemic toxicity. IP therapy can be potentiated by increasing the temperature of 
the drug solution to improve penetration [2], [3], [4]. However, even in the hyperthermic IP 
chemotherapy, tumor penetration of anticancer drugs remains limited to the outer 2 mm [1], [4], [5]. 
Abdominal pain and toxicity due to the high local drug concentration in the peritoneal organs and tissues 
are important limitations of IP therapy [1]. Up to 60% of PC patients have recurrent disease [6], 
underlining the lack of effectiveness of the current treatments and the urgent need for improved treatment 
options. 	
Affinity ligands, such as peptides and antibodies that bind to tumor-associated markers, can be used to 
improve biodistribution and efficacy of anticancer drugs. We have discovered a new class of targeting 
peptides, tumor-penetrating peptides, that home to tumors and are actively transported into extravascular 
tumor parenchyma [7], [8]. Cell and tissue-penetration of this class of peptides requires the C-terminal 
exposure of the C-end rule (CendR) motif (consensus R/KXXR/K, R is arginine, K is lysine and X is any 
amino acid [9]. The CendR receptor, neuropilin-1 (NRP-1), is overexpressed in many tumor cell lines in 
vitro and in tumor and stromal cells in vivo [10]. The prototypic CendR peptide RPARPAR binds to 
NRP-1 and NRP-2 and triggers cellular internalization, extravasation, and tissue penetration of the 
peptide and payloads coupled to it [11], [12]. iRGD peptide (CRGDKGPDC) is a composite of the RGD 
αv-integrin-binding motif and an RGDK cryptic CendR motif. Once recruited to a tumor through the 
RGD motif, the CendR motif of iRGD is exposed through cleavage by a tumor-derived protease(s) and 
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triggers tumor-specific vascular exit and tissue penetration [13]. As processed iRGD interacts with NRP-1 
in tumor vessels, a temporal increase in transcytosis takes place, and compounds co-administered with 
iRGD extravasate and accumulate in tumors [11], [13], [14], [15], [16], [17], [18], [19], [20], [21]. 
Relevant to current study, we recently demonstrate that iRGD increases targeting and antitumor activity of 
IP drugs that are co-administered with the peptide [14]. 	
Polymersomes are nanoscale vesicles formed by self-assembly of amphiphilic block copolymers in 
aqueous media [22]. Polymersomes made of low glass transition temperature “rubbery” polymers are 
flexible and pass through pores up to an order of magnitude smaller than their diameter [23], [24], [25], 
[26]. The low surface area to membrane thickness ratio and its effect on surface tension, make 
polymersomes more flexible than smaller micelles, and therefore more able to deform to pass across 
narrow passages. The increased translocation ability of polymersomes can facilitate transport of drugs 
across biological barriers such as tumor tissue and blood vessels. Poly(oligoethylene glycol 
methacrylate)-poly(2-(diisopropylamino)ethyl methacrylate) (P[(OEG)10MA]20-PDPA90; POEGMA-
PDPA) polymersomes are pH-sensitive (Fig. S1): the particles are stable at physiological pH and 
disassemble under mildly acidic pH due to the protonation of the PDPA block [27], [28]. This property of 
POEGMA-PDPA vesicles renders them well suited for cellular cargo delivery: following cellular 
internalization, the polymersomes disassemble at endosomal acidic pH followed by endosomal rupture 
and release of cargo in the cytosol [29], [30], [31]. Thick and robust hydrophobic polymersome 
membrane is less leaky than lipid bilayer of liposomes [32]. We have demonstrated that the POEGMA-
PDPA polymersomes retain the drug inside for several weeks at neutral pH and quickly release the cargo 
at mildly acidic pH [27]. pH-sensitive polymersomes have been used for intracellular delivery of DNA 
[29], antibodies [33], [34], [35], antibiotics [36], cytotoxic drugs [27], [37], [38], and peptides [39]. 
Systemic cargo delivery with polymersomes in solid tumors in mice as well as tumor imaging has been 
potentiated by affinity targeting with ligands such as RGD peptide [40], PR_b-peptide [41], or transferrin 
[42], [43]. 
Recently, we demonstrated in PC models that IP paclitaxel (PTX)-loaded POEGMA-PDPA polymersomes 
have superior anticancer activity compared to the free drug or albumin-PTX nanoparticles, Abraxane® 
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(ABX) [27]. Here we set out to determine whether affinity targeting of IP administered PTX-
polymersomes with tumor penetrating peptides improves their tumor selectivity and therapeutic efficacy. 
We demonstrate that RPAR and iRGD peptides deliver polymersomes to their target molecules and that 
IP-administered targeted polymersomes loaded with PTX are more efficacious than untargeted 
polymersomes.  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MATERIALS AND METHODS 
Materials
CHCl3, MeOH, dimethylformamide (DMF), rhodamine B octadecyl ester, doxorubicin, and paclitaxel 
were purchased from Sigma-Aldrich, Germany. Phosphate-buffered saline (PBS) was purchased from 
Lonza, Belgium. MKN-45P human gastric cancer cells were isolated from parental MKN-45 cells [44]. 
CT26 cell line (CT.26 ATCC CLR-2638) was purchased from ATCC. PPC-1 cells were from the 
Ruoslahti laboratory at Sanford-Burnham-Prebys Medical Discovery Institute (SBPMDI) and M21 cells 
were a gift from David Cheresh at University of California San Diego (UCSD). The cells were cultivated 
in DMEM (Lonza, Belgium) containing 100 IU/mL of penicillin, streptomycin, and 10% of heat-
inactivated fetal bovine serum (GE Healthcare, UK). Athymic nude mice were purchased from HSD, and 
Balb/c mice were purchased from Charles River. iRGD peptide with an extra cysteine residue for NP 
coupling was synthesized at SBPMDI and RPARPAR peptide was purchased from TAG Copenhagen 
(Denmark). All the animal experimentation protocols were approved by Estonian Ministry of Agriculture, 
Committee of Animal Experimentation (Project #42).  
POEGMA-PDPA copolymer synthesis
The 4-(2-bromoisobutyryl ethyl) morpholine initiator (MEBr) was prepared according to a previously 
published procedure [45]. The protected maleimide initiator (Mal-Br) was prepared according to a 
previously published procedure [46]. ATRP synthesis and purification of P(OEG10MA)20-PDPA90 from 
ME-Br, Rho-Br and Mal-Br initiators was carried out as previously described [35], [47]. The copolymer 
composition was analysed by 1H NMR in CDCl3 and the polydispersity was determined by size exclusion 
chromatography in acidic water (0.25 vol% TFA in water). The deprotection of Mal-P(OEG10MA)20-
PDPA90 was carried out according to a previously described procedure [35]. 
Reaction of Mal-P(OEG10MA)20-PDPA90 with cysteine-terminated peptides and 5(6)-
carboxyfluorescein (FAM)
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The deprotected Mal-P(OEG10MA)20-PDPA90 (20 mg, 0.7 µmol) was dissolved in 1 mL of CHCl3:MeOH 
2:1, and 2 eq of Cys-peptides or Cys-FAM dissolved in 1 mL of nitrogen-purged DMF, were added to the 
solution. The mixture was stirred at 300 rpm overnight at RT. CHCl3 and MeOH were evaporated, and the 
remaining solution was dialyzed against water using a dialysis cassette (Thermo Scientific, USA) with a 
molecular weight cut-off of 10 KDa to remove the excess of Cys-peptides or Cys-FAM. The resulting 
suspension was freeze-dried and a yellow powder was obtained. 
Polymersome formation and loading with paclitaxel, rhodamine B octadecyl ester, and doxorubicin 
(DOX)
To generate FAM-labeled polymersomes (FAM-PS), FAM-labeled RPARPAR-polymersomes (R-FAM-
PS), or FAM-labeled iRGD-polymersomes (iRGD-FAM-PS), FAM-P(OEG10MA)20-PDPA90 or FAM-
peptide-P(OEG10MA)20-PDPA90 was mixed with the non-labeled copolymer at a ratio of 1:4. For the 
formation of polymersomes and encapsulation of PTX or DOX, 20 mg of copolymer were dissolved in 4 
mL of CHCl3:MeOH 2:1 in a glass vial, and 100 µL of PTX or DOX dissolved in MeOH at a 
concentration of 5 mM were added to the copolymer solution (0.25 mM PTX or DOX/mL as a final 
concentration). For the encapsulation of rhodamine B octadecyl ester, 20 mg of copolymer was dissolved 
in 4 mL of CHCl3:MeOH 2:1 in a glass vial, and 50 µL of rhodamine B dissolved in CHCl3:MeOH at 1 
mg/mL were added. The solution was dried under vacuum to allow for the formation of the polymer film. 
The films were hydrated with 2 mL of PBS (pH 7.4) and stirred at 300 rpm for 2 weeks. Next, the 
suspension was sonicated for 30 min at RT and the polymersomes were purified by centrifugation (500 g 
for 20 minutes at RT, followed by centrifugation of the supernatant at 20,000 g for 20 min at RT). The 
pellet was resuspended in 2 mL of PBS (pH 7.4). The yield of polymersomes formed by film hydration 
was determined by weighing the solid residue after lyophilization of polymersome suspension in water. 
The amount of FAM-labeled targeting peptides in polymersomes was quantified by fluorometry 
(FlexStation II, Molecular Devices) at 485/520 nm.
Dynamic Light Scattering (DLS) and Z-potential measurements (Zetasizer Nano ZS, Malvern 
Instruments) was used to assess the polydispersity and average size of polymersome preparations in a 
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different pH buffers, and their surface charge. Transmission electron microscopy (TEM) was used to 
assess the size, surface topology and morphology of assembled vesicles. TEM of phosphotungstic acid 
stained polymersomes was used to visualize the polymersome surface topology and structure [48], [49].   
Briefly, polymersomes in PBS at pH 7.4 or at pH 5.5 were deposited onto copper grids at 1 mg/mL, 
stained with 0.75% phosphotungstic acid (pH 7), air-dried, and imaged by TEM (Tecnai 10, Philips, 
Netherlands). Polymersome-encapsulated PTX was quantified by ultra-performance liquid 
chromatography (UPLC, Waters), using free PTX dissolved in MeOH to prepare the standard curve. Fifty 
µL of PTX-polymersomes were mixed with 50 µL of MeOH and 2 µL of HCl 1M. 5 uL of this mixture 
was run using water/ACN as eluent and Acquity Ultraperformance UPLC BEH C18 1.7 uM 2.1x50 mm 
column.
In vitro cytotoxicity assay
Cytotoxicity experiments were performed using the xCELLigence® RTCA DP instrument (Roche 
Diagnostics, GmbH, Mannheim, Germany and ACEA Biosciences, Inc. San Diego, CA, USA). 
Experiments were carried out using disposable 16-well xCELLigence® E-Plates with microelectrodes 
attached to the bottom of the wells for impedance measurement. Initially, 50 uL of complete medium was 
added to the wells and background impedance was measured for each well. Subsequently, 50 uL of 
complete medium containing 105 cells was added to each well and E-plates were incubated in the RTCA 
DP device at 37° C for 24 hours. The impedance value was automatically monitored every 30 minutes and 
expressed as a cell index value (CI). Twenty-four hours after cell seeding, polymersomes were added in 
triplicate at a final concentration of 100 nM of PTX. Complete medium alone was added to the control 
wells. CI was determined every 30 minutes over the following 25 hours. All data was recorded using 
RTCA software version 1.2.1. CI-data from the experiments was normalized to the last data point prior to 
the addition of compounds. The data was expressed as % viability compared to the untreated cells.  
Evaluation of cellular uptake and cargo release 
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PPC-1, M21, MKN-45P, or CT26 cells (5x105 cells) were seeded on glass coverslips in a 24-well plate. 
After 24 hours, polymersomes were added to the cells at a concentration of 0.5 mg/mL and incubated for 
1 hour or 24 hours. The cells were washed with PBS, fixed with 4% of paraformaldehyde in PBS, 
inmunostained with rabbit NRP-1 antibody (Abcam, UK) and Alexa 647-conjugated goat anti-rabbit IgG 
antibody (Invitrogen, USA), stained with DAPI, and imaged with fluorescence confocal microscopy 
(Zeiss LSM 510). The images were processed and analyzed using the ZEN lite 2012 image software. 
In vitro binding of polymersomes to recombinant proteins
His-tagged NRP-1 b1b2 domain and p32 were expressed and purified as described [9], [50]. Ni-NTA 
magnetic agarose beads (Qiagen) in Tris buffer (50 mM Tris pH 7.4, 150 mM NaCl, 0.05% NP40, 5 mM 
imidazole) were loaded with either the b1b2 binding domain of NRP1 or with p32 protein (at 10 µg of 
protein/µg beads). Rho-labeled polymersomes were incubated for one hour with the protein-loaded beads 
in Tris buffer with 1% BSA at RT with gentle mixing, followed by washes, and release with high-
imidazole buffer (PBS, 400 mM imidazole, 150 mM NaCl, 1% BSA, 0.05% NP40). The fluorescence of 
eluted samples was quantified with a fluorescence plate reader (FlexStation II, Molecular Devices 
equipment).
In vivo biodistribution studies
Nude mice were injected IP with 2x106 MKN-45P cells and subcutaneously (SC) in the right flank with 
106 MKN-45P cells. Balb/c mice received IP injection of 2x106 CT26 cells and SC inoculation of 0.5x106 
CT26 cells. The MKN-45P tumors were grown for two weeks and the CT26 tumors for one week. FAM-
labeled polymersomes were injected IP (0.5 mg in 500 µL of PBS) or IV (0.5 mg in 100 µL of PBS) and 4 
hours later the animals were perfused with 10 mL of PBS. The tumors and organs were excised for the 
fluorescence visualization using Illumatool (Lightools Research, USA) and the fluorescence 
quantification by Image J software. Tissues were snap-frozen in liquid nitrogen, and stored at -80°C for 
further analysis.  
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Immunofluorescence and microscopic imaging 
The excised tumors and organs were cryosectioned at 10 µm, fixed with 4% of paraformaldehyde in PBS, 
and immunostained with rabbit anti-fluorescein (Life Technologies, USA) and rat anti-mouse CD31 (BD 
Biosciences, USA) as primary antibodies, and with Alexa 488-conjugated goat anti-rabbit IgG and Alexa 
647-conjugated goat anti-rat IgG (Invitrogen, USA) as secondary antibodies. Alternatively, the tissue 
sections were immunostained with rabbit anti-NRP-1 (Abcam, UK) or rabbit anti-αv-integrin (Millipore, 
US) followed by Alexa 647-conjugated goat anti-rabbit IgG (Invitrogen, USA). The nuclei of cells were 
stained with 10µg/ml DAPI. Confocal images of the tissue sections were analyzed with the ZEN lite 2012 
image software.  
Ex vivo tumor dipping assay. 
Fresh surgical samples of peritoneal metastases of colon cancer were collected under protocols approved 
by the Ethics Committee of the University of Tartu, Estonia (permit #243/T27). The samples were 
immediately divided in explants of around 1 cm3 and incubated in DMEM containing 1% of BSA and 0.5 
mg/mL of iRGD-FAM-PS or FAM-PS at 37°C for 4 hours. After 3 washes with PBS, the tumors were 
cryosectioned and stained for rabbit anti-fluorescein antibody followed by Alexa 546-conjugated anti-
rabbit antibody. 
Experimental tumor therapy in mice
For the MKN-45P treatment study, the athymic nude mice were injected IP with 2 x106 MKN-45P cells. 
Three days after the cell injection, the mice were randomized in 4 groups (n = 8). The mice were treated 
every other day with IP injections of 0.5 mL of ABX, PS-PTX, or iRGD-PS-PTX, at the same PTX dose 
(cumulative dose: 7 mg/Kg). Different solvents (salt-based, dextrose-based, hetastarch, or icodextrin) 
have been used for chemotherapeutics during IP chemotherapy [1]. We administered all the compounds in 
phosphate buffered saline (PBS) that we used to form the polymersomes and to dissolve ABX for in vivo 
treatment studies in the past [51].  After 18 days of tumor induction the mice were perfused with 10 mL of 
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PBS and the tumors and organs were excised. To estimate the tumor burden, the total weight of large 
(tumors bigger than 5 mm in diameter) and medium peritoneal tumors (tumors bigger than 2 mm and 
smaller than 5 mm of diameter) together with the small metastatic peritoneal nodules (tumor nodules 
smaller than 2 mm of diameter) was determined. To assess the extent of tumor dissemination, the 
individual peritoneal nodules were counted. In CT26 treatment study, dual tumor mice were used: Balb/c 
mice were injected with IP with 0.5x106 and SC with 0.5x106 CT26 cells. Four days after tumor 
induction, the volume of s.c. tumors was determined with a caliper (formula: width x height x depth) and 
the animals were distributed in 5 groups (n = 4) with the same average of s.c. tumor volume. The mice 
were treated every other day with IP injections of 0.5 mL of ABX, PS-PTX, iRGD-PS-PTX (cumulative 
dose of PTX: 4.5 mg/Kg), empty PS, or PBS. After 12 days of tumor induction animals were perfused 
with 10 mL of PBS, the ascites volume was measured, and peritoneal and s.c. tumors were weighed.  
Statistical analysis 




Assembly and characterization of polymersomes 
The polymersomes were assembled and loaded with PTX using the hydration film method [37]. The yield 
of polymersomes was 40±6% and the drug loading was 1.4±0.2 moles of PTX/mol polymer (~ 105 drug 
molecules per vesicle). Polymersomes were functionalized with 1.6x103 peptide/polymersome (~1.1x102 
peptides/nm2), close to estimated optimal density of affinity ligands  for nanoparticle targeting [52] and in 
the same range of the density of displayed peptides on the coat of T7 bacteriophage used to identify the 
targeting peptides  (~200 peptides/60 nm T7 particle, ~1.7 x102 peptides/nm2) [53]. The average 
polymersome size was 214 nm (Pdi 0.16) for PTX-loaded polymersomes (PS-PTX), 228 nm (Pdi 0.12) 
for PTX-loaded RPARPAR-polymersomes (R-PS-PTX), and 233 nm (Pdi 0.17) for PTX-loaded iRGD-
polymersomes (iRGD-PS-PTX) (Fig. S2). The Z-potential was slightly negative for PS-PTX and iRGD-
PS-PTX (-3.6±0.4 and -2.7±0.1 mV respectively) and neutral for R-PS-PTX (+0.15±0.3) (Fig. S3). The 
size and Z-potential remains virtually unchanged for the targeted and non-targeted polymersomes, 
indicating that the differences in cellular uptake and tumor penetration are consequence of the peptide-
receptor interaction, but not of the morphology and surface charge effect. 
The effect of pH modulation on polymersomes was assessed by determining their size at different pH 
values by DLS. Whereas the size of polymersomes at pH 7.4 was 214 nm (Pdi 0.16), at lower pH increase 
in polydispersity (Pdi 0.65 at pH 5.5 and Pdi 0.62 at pH 4.5) and in size was observed (Fig. S4). By TEM 
formation of polymer aggregates and disappearance of vesicle-like structures at pH 5.5 was seen (Fig. 
S4), in line with destabilization and disassembly of the polymersomes under acidic conditions. 
CendR peptides modulate polymersome tropism in vitro	
To study the specific binding and internalization of polymersomes conjugated with CendR peptides in 
cultured cells, we used PPC-1 human prostate cancer cells, which express high levels of NRP-1, and M21 
human melanoma cells, which are NRP-1-negative [9], [20]. The NRP-1 expression status of PPC-1 and 
M21 cells was confirmed by confocal microscopy (Fig. 1A and 1B) and by flow cytometry (Fig. S6). 
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Fluorescein-labeled RPARPAR-polymersomes (R-FAM-PS) bound to and internalized in PPC-1 cells 
within 1 hour, whereas no fluorescence was observed in M21 cells (Fig. 1A). Fluorescein-labeled iRGD-
polymersomes (iRGD-FAM-PS) also preferentially targeted PPC-1cells (Fig.1A). However, the uptake 
was lower than that of R-FAM-PS, likely because iRGD first binds to αv-integrin and acquires NRP-
binding ability only after the proteolytic cleavage step that exposes its CendR motif, whereas the 
RPARPAR binds to NRP-1 directly and, therefore, faster [12]. No uptake of fluorescein-labeled 
untargeted polymersomes (FAM-PS) on PPC-1 was observed after one hour of incubation (Fig. 1A). At 
24 hours of incubation, increased cellular accumulation of iRGD-FAM-PS was seen, with similar uptake 
to that observed for R-FAM-PS (Fig S7). At 24 hours, a low-level background uptake of untargeted 
polymersomes was seen in both PPC-1 and M21 cells, possibly due to the constitutive endocytosis of 
polymersomes (Fig S7). These experiments show that CendR peptides can be used to target 
polymersomes to NRP-1-expressing cultured cells. 
To confirm the specific interaction of CendR-polymersomes to NRP-1, we also tested the binding in a 
cell-free system. RPARPAR-polymersomes (R-PS) readily bound to immobilized recombinant b1b2 
domain of NRP-1 (Fig. 1B). The R-PS showed only background binding to recombinant p32 (a control 
protein, known to bind to non-CendR basic peptides; [50]) and untargeted polymersomes did not bind to 
either protein. These data show that homing peptides coated on the polymersomes are available for 
receptor interactions and that the tropism of polymersomes can be specifically modulated by 
functionalization with CendR peptides. 	
CendR-targeted polymersomes release their cargo in the cytosol 	
Polymersomes containing PDPA polymeric block are well-suited for cytoplasmic cargo delivery: 
following cellular uptake the polymersomes break down, trigger endosomal rupture and release their 
cargo into the cytosol [29], [30], [31]. We used PPC-1 cells to study if the endosomal escape pathway 
remains operational in polymersomes internalized via the CendR pathway. Rhodamine B octadecyl ester 
(Rho) or DOX was encapsulated in R-FAM-PS and in FAM-PS. After 1-hour incubation of PPC-1 cells 
with R-FAM-PS loaded with Rho, widespread Rho fluorescence was observed in the cytoplasm (Fig. 1C). 
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Interestingly, already 1 hour after incubation with the cells, the R-FAM-polymer and Rho cargo exhibited 
clearly different intracellular distribution patterns (Fig. 1C, arrow). After 1-hour incubation of PPC-1 cells 
with the DOX-loaded R-PS, the red DOX fluorescence was observed in the nuclei of the cells (Fig. 1D, 
arrow). In contrast, only a weak DOX signal was seen in PPC-1 cells incubated in the presence of DOX-
loaded untargeted polymersomes (Fig. 1D). These data suggest that cellular uptake of CendR-
polymersomes is followed by disassembly of polymersomes and cytosolic release of the payloads.  
In vitro cytotoxicity of targeted PTX-polymersomes	
We next studied whether CendR polymersomes can be used to potentiate in vitro cytotoxicity of PTX. As 
a reference, we used ABX, a colloidal suspension of paclitaxel and human serum albumin that is clinically 
approved for the treatment of several types of solid tumors (breast, lung, pancreatic, and gastric 
carcinoma), and is in advanced clinical trials for the treatment of colorectal cancer. We studied the 
viability of PPC-1 and M21 cells exposed to polymersomes and ABX (all at 100 nM PTX). In PPC-1 
cells, R-PS-PTX and iRGD-PS-PTX were significantly more toxic than PS-PTX, or ABX (Fig. 2 and Fig. 
S8A). In agreement with the cellular uptake data, the R-PS-PTX and iRGD-PS-PTX had a similar 
cytotoxic effect on PPC-1 cells at 24 hours (Fig. S7). About 50% of PPC-1 cells treated with R-PS-PTX 
or iRGD-PS-PTX remained viable after 24 hours of incubation, whereas about 80% of cells treated with 
PS-PTX were viable, and ABX had only a negligible effect (Fig. 2 and Fig. S8A). In contrast to NRP-1-
positive PPC-1 cells, the viability of M21 was not significantly affected after 24-hour exposure to R-PS-
PTX or iRGD-PS-PTX (Fig. 2 and Fig. S8B). Empty polymersomes had no effect on cell viability in all 
the cell lines and time points tested. These experiments show that PTX-polymersomes targeted with 
CendR-peptides specifically decrease the viability of cultured NRP-1-expressing cells.  
IP-administered CendR polymersomes home to peritoneal and subcutaneous tumors	
We next studied tumor homing of IP administered polymersomes to peritoneal and subcutaneous 
MKN-45P and CT26 tumors in mice. MKN-45P is a human gastric cancer cell line with a high potential 
for peritoneal dissemination [44]. CT26 mouse colon carcinoma cell line can be used for modeling PC in 
syngeneic immunocompetent mice [27]. We first evaluated binding and uptake of R-FAM-PS, iRGD-
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FAM-PS, and FAM-PS in MKN-45P and CT26 in cultured cells. Although the expression of NRP-1 in 
MKN-45P and CT26 cells was lower than in PPC-1 cells, their profile of uptake of targeted 
polymersomes was comparable to PPC-1 cells (Fig. S9). After 1 hour of incubation, the internalization of 
R-FAM-PS was the highest and the uptake of control FAM-PS was low in both cell lines. At 24 hours, we 
observed similar uptake of R-FAM-PS and iRGD-FAM-PS in both MKN-45P and CT26 cells, whereas 
FAM-PS showed a weak signal (Fig. S9).  
MKN-45P and CT26 cells implanted IP into mice gave rise to aggressive PC with the malignant tissue 
expressing high levels of NRP-1 (Fig. S10A) and αv-integrins (primary receptor of iRGD peptide, Fig. 
S10B). Macroscopic imaging of tissues after 4 hours of IP injection showed that R-FAM-PS and iRGD-
FAM-PS accumulated in both MKN-45P and CT26 peritoneal tumors, but not in control organs, whereas 
FAM-PS gave a weaker tumor signal (Fig. 3A and 3B). The iRGD-FAM-PS group showed the highest 
fluorescence in IP tumors and only background signal was seen in control organs (Fig. 3C and 3D). 	
To obtain information on the microscopic distribution of the polymersomes, we immunostained the tissue 
sections with anti-FAM antibody. In agreement with the ex vivo macroscopic imaging, iRGD-FAM-PS 
showed the highest homing and penetration in both tumor models (Fig. 4A and 4C). In peritoneal and s.c. 
MKN-45P tumors, iRGD-FAM-PS were accumulated in the peritoneal tumor periphery and deep within 
the tumor mass (Fig. 4A and 4B, arrows), partially co-localizing with αv-integrins, NRP-1 (Fig. S6A), 
and CD-31-positive blood vessels (Fig. 4A and 4B, arrows).  
The co-localization of iRGD-FAM-PS and blood vessels suggests that the accumulation in MKN-45P 
tumors takes place by a direct penetration from the peritoneal cavity and indirectly accumulation through 
systemic circulation. Although the accumulation of iRGD-FAM-PS in peritoneal CT26 tumors was also 
high, there was no co-localization with blood vessels (Fig. 4C), suggesting that the penetration in CT26 
tumors was only locoregional. 
We observed that IP-administered iRGD-FAM-PS homed to s.c. MKN-45P tumors better than to s.c. 
CT26 tumors (Fig. 4D and Fig. S12). This correlated with higher expression of NRP-1in s.c. MKN-45P 
tumors (Fig. S10B and S12B) compared to s.c. CT-26 tumors. In MKN-45P tumors, R-FAM-PS co-
localized partially with CD31-positive blood vessels, although the accumulation and tumor penetration 
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was lower than for iRGD-FAM-PS (Fig. 4A). The RGD motif mediates recruitment to αv-integrins on 
tumor endothelial cells, fibroblasts and tumor cells; a proteolytic cleavage by a tumor–derived protease 
then exposes a NRP-1-binding tumor penetrating motif. The multi-step homing and tumor penetration 
pathway used by iRGD renders it highly selective towards malignant tissues positive for both αv-integrins 
and NRP-1[13]. In both tumor models, FAM-PS only weakly labeled the surface of the peritoneal tumors 
(Fig. 4A, arrowheads). These data indicate that iRGD-functionalization improves the accumulation of IP-
administered polymersomes in IP tumors, and to some extent also in s.c. tumors.   
To investigate the translational relevance of the iRGD-PS we evaluated the penetration of polymersomes 
into freshly excised human colon cancer PC lesions. iRGD-FAM-PS penetrated deeper and showed higher 
fluorescence in the clinical tumor samples than non-targeted polymersomes (Fig. S13). These data suggest 
that the polymersome nanocarriers targeted via the iRGD-pathway are potentially relevant for targeting of 
clinical PC lesions. 
iRGD-functionalization enhances therapeutic efficacy of PTX-polymersomes	
Having established preferential accumulation of iRGD-FAM-PS in cultured cancer cells and in peritoneal 
cancer lesions ex vivo and in vivo, we evaluated the therapeutic efficacy of iRGD-PS-PTX. Mice bearing 
disseminated MKN-45P IP tumors were treated with iRGD-PS-PTX, PS-PTX, or ABX, all at the 
cumulative PTX dose of 7 mg/kg. Among the formulations used, iRGD-PS-PTX gave the strongest 
antitumor response. The total weight of detectable peritoneal tumors treated with iRGD-PS-PTX was 
significantly lower than those in the ABX and untreated groups (Fig. 5). Importantly, treatment with 
iRGD-PS-PTX significantly reduced the number of peritoneal tumor nodules compared to the other 
treatments (Fig. 5).  
In the CT26 model, treatment with both iRGD-PS-PTX and PS-PTX resulted in significantly reduced 
peritoneal tumor growth compared to the other groups, with iRGD-PS-PTX being the most efficient 
treatment (Fig. S14A). iRGD-PS-PTX had also an effect on s.c. CT26 tumors, although the difference 
was not significant (Fig. S14B).  The total tumor burden (total weight of detectable peritoneal tumors and 
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s.c. tumors) was reduced by iRGD-PS-PTX in the CT26 model, and the reduction was significantly 
greater than that in the ABX and untreated groups, (Fig. S14C). One of the characteristics of the CT26 
colon tumor model is accumulation of abundant ascites fluid in the peritoneal cavity. The ascites volume 
in CT26-bearing mice treated with iRGD-PS-PTX and PS-PTX was significantly lower than in other 
groups (Fig. S14D). These data show that iRGD functionalization potentiates the antitumor activity of IP-
administered PTX-polymersomes in mouse models of PC and in extraperitoneal tumors, and that it may 
have a significant reducing effect on the tumor dissemination in the peritoneal cavity. 
DISCUSSION	
Nanoscale vesicles assembled from amphiphilic block copolymers are promising for applications that 
include surface functionalization and drug delivery. Our study was designed to evaluate if 
functionalization of pH-sensitive POEGMA-PDPA polymersomes with tumor-penetrating CendR 
peptides improves the utility of the polymersome platform for the treatment of PC. We found that CendR 
peptide RPARPAR is capable of recruiting polymersomes to recombinant NRP-1 and targeting them to 
NRP-1 positive cells. We also found that PTX-polymersomes targeted with CendR peptides are 
selectively cytotoxic to NRP-1-positive cells in vitro. Furthermore, our data demonstrate that IP-
administered iRGD-PS accumulate in the malignant lesions in two mouse models of PC and in clinical 
tumor samples, and that IP iRGD-PS-PTX have an antitumor activity superior to PS-PTX or ABX. Thus, 
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CendR peptide-targeted polymersomes represent a promising preclinical development lead for IP delivery 
of cytotoxic drugs to PC lesions. 
PTX is a potent chemotherapeutic compound that has shown efficacy for IP therapy of PC [54]. Because 
of low solubility in aqueous solutions, PTX is typically administered with Cremophor EL as a solvent, 
which is responsible for much of the clinical toxicity. Polymersomes made from amphiphilic copolymers 
can be loaded with hydrophobic drugs (in the membrane) and hydrophilic drugs (inside the aqueous 
lumen) to improve bioavailability and to sidestep the use of toxic solvents. Although here we only 
encapsulate a hydrophobic drug, the demonstration of the efficacy of targeted polymersomes for PC 
treatment opens directions for the development of multidrug-loaded polymersomes for an improved tumor 
therapy [38]. 
Recently, we showed that IP treatment of PC with PTX-loaded POEGMA-PDPA polymersomes resulted 
in better antitumor response than treatment with PTX-Cremophor EL and ABX [27]. The peritoneal space 
in patients with invasive gastric cancer has pH 7.4 or higher [55] - well above the pH that triggers the 
disassembly of polymersomes and their cargo release. During IP chemotherapy, slow drug release in the 
peritoneal cavity allows higher MTD (maximum tolerated dose) but is thought to drive drug resistance in 
the tumors. The effect of cytotoxic drugs is generally improved when the drug release is fast, supposedly 
due to the higher bioavailable peak drug concentration [1], [56], [57]. We have shown that whereas PTX 
is retained in polymersomes for months at physiological pH, polymersomes rapidly disassemble to release 
drug, after cellular internalization [27]. The fast release of PTX from internalized iRGD-PS may 
contribute to their efficacy in IP chemotherapy.	
In a previous study we found that, for PC, IP-administered polymersomes were more tumor-selective than 
IV-administered polymersomes, which resulted in less accumulation in peritoneal tumors and more 
accumulation in the rest of body [27]. As shown in the current report, tumor accumulation of the 
polymersomes can be further improved by targeting with CendR peptides. A likely reason is that the 
iRGD-PS both homed to and penetrated through peritoneal tumors, whereas untargeted polymersomes 
accumulated only in the tumor periphery.  
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Tumor penetration of iRGD peptide is the result of a multistep mechanism that involves bindings to αv-
integrins, proteolytic cleavage to expose the CendR motif of the peptide at the C-terminus, and binding of 
CendR motif to NRP-1, which then triggers a cell and tissue penetration cascade [13]. In line with this 
concept, we found that iRGD-polymersomes co-localized with the αv-integrins and NRP-1.  
IP injected iRGD-PS accumulated in IP tumors and, to some extent, s.c. tumors, suggesting a mechanism 
that involves a combination of direct penetration and circulation-mediated homing. Such dual pathway 
allows payload delivery to both small avascular nodules and to large vascular tumors. This is an important 
advantage, as a number of clinical studies on PC indicate that combining systemic and IP chemotherapy 
results in better outcome than either route alone [58].   
iRGD peptide is known to induce a tumor-specific temporal increase of transcytosis [11], [13]. As a 
result, iRGD-functionalized therapeutic compounds accumulate in the tumor and have improved 
therapeutic index [11]. We demonstrated that the iRGD further potentiates the activity of PTX-PS in a 
very low drug dose, suggesting that iRGD-PS loaded with cytotoxic drugs may be used to decrease side 
effects, increase efficacy, or achieve balance of both.  
From the clinical perspective, local dissemination and micro-metastasis of PC poses a particular 
challenge: whereas the big peritoneal tumors can be surgically removed prior to the chemotherapy, 
microscopic metastatic nodules remain in the peritoneal cavity following surgical intervention. Peritoneal 
spread is particularly problematic for the successful treatment of gastric cancer. In patients with gastric 
cancer, 60% of deaths are associated with PC. Between 5-20% of gastric cancer patients who supposedly 
have “localized” tumor and potentially curative tumor resection are found to have PC, and after the 
resection the recurrence rate for PC is around 30% [1]. Importantly, we observed a significant decrease in 
IP MKN-45P tumor nodules in mice treated with iRGD-PS-PTX. 
Finally, our studies on human colon PC explants, which show that iRGD-PS bind to and penetrate clinical 
tumors, serve as a starting point towards translation of the platform into clinical applications.   
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CONCLUSIONS 
iRGD functionalization potentiates tumor selectivity and antitumor activity of IP PTX-loaded pH-
sensitive POEGMA-PDPA polymersomes. In mouse models of PC and extraperitoneal tumors, iRGD-PS-
PTX exhibited higher antitumor efficacy than untargeted polymersomes. These observations warrant 
future preclinical and clinical research aimed at the development of polymersome-based drug delivery 
systems for the treatment of PC.	
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Figure 1. Receptor binding, cellular internalization, and cargo release of peptide-targeted 
polymersomes. (A) Fluorescence confocal imaging of PPC-1 or M21 cells incubated with 0.5 mg/mL of 
R-FAM-PS, iRGD-FAM-PS or FAM-PS for 1 hour. The cells were stained with DAPI and anti-NRP1. 
Green: polymersomes; red: NRP-1; blue: DAPI. Scale bars: 20 µm. Representative fields from multiple 
areas of cultured cells from three independent experiments are shown. (B) Binding of R-PS or PS labeled 
with Rhodamine to recombinant NRP-1 (b1b2 NRP-1) or a control protein, p32, after 1 hour of 
incubation. For this assay, 0.5 mg/mL of polymersome samples were used. Y axis is the polymersome 
fluorescence in arbitrary units (A.U.). N = 3; statistical analysis was performed by one-way ANOVA; 
error bars, mean +SEM, * p ˂ 0.05. (C) Fluorescence confocal imaging of PPC-1 cells incubated with 0.5 
mg/mL of R-FAM-PS loaded with Rho for one hour. The cells were stained with DAPI. Green: 
polymersomes; red: Rho; blue: DAPI. Scale bar: 20 µm. Representative fields from multiple areas of 
cultured cells from three independent experiments are shown. (D) Fluorescence confocal imaging of 
PPC-1 cells incubated with 0.5 mg/mL of R-PS or PS loaded with DOX for one hour. The cells were 
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stained with DAPI. Green: NRP-1; red: DOX; blue: DAPI. Scale bars: 20 µm. Representative fields from 
multiple areas of cultured cells from three independent experiments are shown. 	
Figure 2. Effect of paclitaxel-loaded polymersomes on survival of cells with different NRP-1 
expression status. Growth rate dynamics of cultured PPC-1 and M21 cells after addition of the R-PS-
PTX, iRGD-PS-PTX, or PS-PTX, and ABX at 100 µM PTX concentration, measured using the 
xCELLigence® real-time cell analyzer that allows continuous quantitative monitoring of attached cells. 
100% viability corresponds to untreated cells. Each data point represents the average of three samples. 
Error bars, mean ±SEM.	
Figure 3. In vivo biodistribution of IP-administered polymersomes. (A) Mice bearing dual IP and s.c. 
MKN-45P or CT26 tumors were IP injected with 0.5 mg of iRGD-FAM-PS, R-FAM-PS, or FAM-PS, and 
after 4 hours the tumors and organs of interest were excised and fluorescent signal was imaged by 
Illumatool (Lightools Research, CA). Representative compound fluorescent and bright-field images from 
three independent experiments are shown. He, heart; Lu, lung; Sp, pleen; Ki, kidney; Li, liver; Br, brain, 
Tu, tumor. (B) Quantification of the fluorescent signal in tumors and control organs by the Image J 
software. N ≥ 3 mice; statistical analysis was performed by one-way ANOVA; error bars, mean +SEM; 
*** p ˂ 0.001, ** p ˂ 0.01, * p ˂ 0.05.	
Figure 4. Confocal imaging of polymersomes in tumor tissue. (A) Fluorescence confocal images of 
tissue sections prepared from IP and s.c. MKN-45P and CT26 tumors collected 4 hours after IP injection 
of polymersomes. Representative images from 3 independent experiments are shown. Green: 
polymersomes; red: CD31 (blood vessels); blue: DAPI. Scale bars: 250 µm. Arrows point to 
polymersomes co-localizing with blood vessels; arrowheads point to PS in tumor periphery.	
Figure 5. Experimental therapy of tumor mice. Mice bearing disseminated peritoneal MKN-45P 
tumors were injected IP every other day during two weeks with indicated formulations (cumulative dose 
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of the treatment: 7 mg PTX/Kg). The tumor weight (weight of large peritoneal tumors combined with 
small peritoneal tumor nodules) and number of peritoneal tumor nodules after treatment are shown. N = 8 
mice in each group; statistical analysis was performed by one-way ANOVA; error bars, mean +SEM; *** 
p ˂ 0.001, ** p ˂ 0.01, * p ˂ 0.05.	
!  32
